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Abstract 
Variability in the mechanical properties of steel strip has a significant effect on the structural performance of 
manufactured components. This study provides a statistical analysis of the variability in yield strength, Ultimate 
Tensile Strength (UTS) and elongation to failure by examining the chemistry of the cast and rolling conditions of the 
steel strip. This type of data can play a key role in the development of robust and reliable new structures, as well as 
aiding process control specialists to minimise the variability during steel production. The steel grade under 
investigation is Hot Rolled (HR) S355MC; which is a High Strength Low Alloy (HSLA) steel and is widely used in 
the automotive sector for chassis & suspension applications. By using tree based classification models, the statistical 
distribution of mechanical properties could be determined and predicted by identifying key input criteria, such as the 
thickness of the steel strip, the niobium and carbon content and certain thermal processing conditions. 
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1. Introduction 
Accurately defining variability in the mechanical properties of High Strength Low Alloy (HSLA) 
steels can help design engineers decide on appropriate safety factors [1], and assist the steel industry in 
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reducing variability by investigating the root cause of the statistical distribution. Variability in mechanical 
properties can be due to inconsistencies in chemistries, processing temperatures, cooling patterns, the 
strip thickness and numerous other factors. Inhomogeneity is another issue that affects both slabs as well 
as coils of steel. Aichbhaumik [2] witnessed at least a 10% variation in mechanical properties within a 
single coil by testing samples from four locations within the product i.e. front-centre, back-centre, centre-
centre and centre-edge. Tata Steel Strip Products UK (TSSP-UK) characterise the mechanical properties 
of a coil from a tensile test using a sample cut from the coil end, it is therefore fair to suggest the tensile 
properties may vary slightly at other locations within each coil. Since hot rolling processing conditions 
are critical in determining each coil’s final mechanical properties and microstructure [3], it was decided 
that all data used for this study was to be sourced from a single hot rolling mill within TSSP-UK, namely 
the Port Talbot hot mill. The S355MC material rolled at this mill has a pearlite/ferrite microstructure with 
a grain size of approximately 10 microns, which of course is also subject to variability. 
2. Experimental Methods 
A data set comprising measurements from 703 coils was compiled for this study. All these coils 
conformed to the delivery conditions set out by BS EN 10149-2:1996 and BS EN 10051:1991+A1:1997 
for S355MC material. Each coil was tensile tested to BS EN ISO 6892-1:2009 using an extensometer of 
80mm gauge length. The chemistry of each coil was identified by the chemical analysis carried out on the 
cast from which the coil was rolled. To ensure consistency of measurement, all coils analysed in this 
study were not pickled. The pickling process changes the yield point of the material by approximately 
20MPa due to elongation that occurs during levelling and therefore must be taken into consideration when 
studying the distribution graphs. This may be counter-intuitive, as most would expect a work hardening 
effect. The levelling process smoothes out the stress-strain curve, thus the usual “anchor point” for 
defining the yield point is lost. The Port Talbot hot mill comprises of, amongst other things, a roughing & 
edging mill that rolls slabs into a 35mm transfer bar, followed by 7 finishing mill stands and run out table, 
as shown in figure 1. Temperature data was recorded at various stages along the rolling process as well as 
at the run-out table, reheat furnace crop shears and coilers. The chemistries and processing data were 
subsequently paired with the pre-delivery mechanical test results to form the final data set. 
 
 
Fig. 1. Sequence of processing steps at the Port Talbot hot mill 
3. Results and Discussions 
It was found that the yield strength, UTS and elongation results from the sample of 703 coils used for 
this study approximate to a normal distribution curve, as can be seen in the histograms in figures 2. (a), 
(b) and (c). The mean and standard deviation for these distributions can also be seen on the figures. From 
these data it is clear that the values for yield stress are substantially greater than the minimum specified 
for this grade of material (355MPa), this was as expected, since all coils in the data set had not been 
through a leveller. It becomes obvious from this analysis that the variability in yield strength is greater 
than the variability in UTS, where the standard deviation in yield expressed as a percentage of the mean is 
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4.38%, the same calculation for UTS stands at only 2.32%. There is also a significant amount of 
variability in the elongation results, with a sizable sample lying close to the lower specified limit (19%). 
Its mean value, however, lies at a healthy distance away from the minimum requirement. 
Fig. 2. (a) Yield strength histogram; (b) UTS histogram; (c) Elongation to failure histogram; (d) Correlation between UTS & yield 
Many different methods were used to investigate the root cause of the variability seen in figures 2. (a), 
(b) and (c). The culmination of that work is shown in the CART model shown in figure 3. This model 
provides a systematic approach to identify why a coil may have properties at either the lower or higher 
end of the distribution curve. It was identified that a reasonably strong correlation exists between UTS 
and yield strength, as shown in figure 2. (d). It therefore came as no surprise that the CART model 
showed similar sensitivity to the same variables for both strength properties. As such, only one model was 
required to analyse both UTS and yield. No such correlation was found with regards to elongation, 
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furthermore, it was established that it was not possible to build a robust CART model for elongation using 
the dataset. 
Note that the CART model splits the original sample of 703 coils by parameters that were found to 
have the most significant effect on the final mechanical properties. A split into 3 groups (high, medium 
and low) for each parameter would have been desirable to assess the influence of each factor. However, 
this was not possible as dividing the population up too much would have resulted in low populations in 
each group, and give rise to unreliable results. Fortunately the dual split that was deployed clearly 
differentiates the influence of each variable thus providing a clear tool to describe the effect of each 
strength critical parameter. 
The three most significant factors influencing the mechanical properties were found to be the strip 
thickness, the niobium and carbon content and a combination of two processing variables. This 
processing variable is the difference in the mean surface temperature of a coil between the end of the 
roughing mill and the crop shears. The temperature drop is caused by delays in the coil box, where a 
significant drop in temperature of around 30°C or above was found to be detrimental to both UTS and 
yield strength. This phenomenon was only however found to be significant in thinner gauge coils, as can 
be seen from the CART models. It was found that thicker coils were less susceptible to this strength 
reducing phenomenon, this is possibly due to thicker coils increased capacity for maintaining core 
temperature and heat energy compared with thinner products 
The patterns seen when analysing coil thickness and niobium content are very straightforward. Thicker 
coils tend to be slightly weaker and niobium has a clear strengthening effect. This was to be expected 
since the strengthening and grain refining properties of niobium are well documented [4]. In regards to 
carbon content, some discrepancies to the trend exist. The most notable exceptions occur in nodes 19 & 
20, where the yield strength drops by 3.1MPa and the UTS drops by 1.1MPa. These anomalous results 
can be explained by investigating the data that comprise these two nodes. It was found that the mean 
values of other parameters critical to strength were favourable in nodes 19 as compared to node 20. i.e. 
the mean thickness was less and the mean values for niobium and manganese were greater. 
Not all nodes are significantly different to each other, though the CART model has succeeded in its 
main objective, which was to investigate the root cause of the variability and define why coils may have 
mechanical properties close to the upper or lower specified limits. Nodes 20 and 25 highlight this well, 
where the two nodes are exact opposites in terms of strength critical chemistries and processing 
conditions. It can be seen that the two sets of data are statistically different to each other by the 
differences in their means being large in comparison to their standard deviations. This is especially true 
for yield strength. All other nodes should theoretically (and very nearly do) lie between these two nodes 
in terms of strength. It can therefore be concluded that coils with yield strength and UTS values close to 
the lower specified limits are likely to have the following properties: low niobium and carbon content, 
thick gauge and a high temperature drop in the coil box. Strong coils are like likely to have the exact 
opposite parameters to those previously described. 
It was thought that some parameters have a greater effect on mechanical properties compared to others 
due to the extent of variability and control within that particular parameter. Therefore the statistical 
distributions of each parameter were analysed and calculated, these results are shown in table 1. This 
information can be used to explain why niobium content features so prominently in the CART model, and 
also why the manganese data, an element that is added for strength could not be used to build a robust 
CART model. By analysing the standard deviations expressed as a percentage of the mean it is clear that 
manganese content is very well controlled within this grade of material, where the niobium content within 
the steel has a greater amount of variability. The RM-CS parameter displays a great amount of variability, 
where its standard deviation is nearly a third if the mean, hence its variability has a significant effect on 
the final mechanical properties. 
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Fig. 3. Yield stress & UTS CART model 
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Table 1. Variability of key parameters 
Parameter Mean Std. Deviation Std. Deviation (% of Mean) 
Carbon (%wt) 0.07005 0.004421 6.3 
Niobium (%wt) 0.02230 0.001636 7.3 
Manganese (%wt) 0.5049 0.02362 4.7 
RM temp – CS Temp (°C/K) 31.23 9.833 31.5 
4. Conclusions 
• The hot-rolled HSLA grade S355MC exhibits more variability in yield strength than UTS, this can be 
seen by their standard deviations of 18.5MPa and 11.3MPa respectively. 
• The variability in the niobium content of the steel caused a greater variability in mechanical properties 
than any other element. This may be due to two factors; the strengthening and grain refining properties 
of niobium, and also the fact that it is the least well controlled of the main alloying elements. 
• As expected, given similar chemistries and processing conditions, thicker coils were shown to be 
weaker than thinner products. 
• Coils less than 3mm thick were proven to be vulnerable to strength reduction caused by heat losses 
between the crop shears and roughing mill. Potentially this could be improved by reducing delays in 
the coil box. 
• Coil box delays that caused mean surface temperature losses of 30϶C or more were solely responsible 
for a 10.7MPa mean yield strength reduction on coils less than 3mm thick. This can be seen in nodes 7, 
8, 9 and 10. 
• The tramp element content was sufficiently low in all coils studied in order to avoid any strength 
issues relating to unwanted elements. 
• None of the parameters considered were found to significantly influence elongation values. 
• Apart from the coil box temperature drop, all other processing parameters were found to be statistically 
well controlled, and their variability did not affect the mechanical properties. 
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